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In this issue of Cell Metabolism, Zwighaft and colleagues (Zwighaft et al., 2015) describe a novel mechanism
throughwhich intracellular polyamines regulate circadian rhythms. These findings are significant, as they add
yet another layer of complexity to the interplay between environmental, dietary, and organismal factors in the
molecular control of daily behavioral oscillations.Many eukaryotic organisms exhibit cyclic
variations in physiology and behavior
with a near-to-daily periodicity, which
are cumulatively referred to as circadian
oscillations. In mammals, circadian oscil-
lations are controlled systemically by a
central pacemaker that resides in spe-
cific regions of the hypothalamus, i.e.,
the suprachiasmatic nuclei. Such a cen-
tral pacemaker, which is directly influ-
enced by external light through the optic
nerve, synchronizes the activity of other,
subsidiary oscillatory systems, at least
in part by driving cyclic feeding behavior.
At the molecular level, central and pe-
ripheral circadian clocks rely on two
transcription factors, namely aryl hydro-
carbon receptor nuclear translocator-
like (ARNTL, best known as BMAL1)
and clock circadian regulator (CLOCK),
as well as on three transcriptional repres-
sors, namely period circadian clock 1
(PER1, or its close homolog PER2), cryp-
tochrome circadian clock 1 (CRY1), and
nuclear receptor subfamily 1, group D,
member 1 (NR1D1, also known as REV-
ERBa). In particular, BMAL1:CLOCK
heterodimers transactivate PER1, CRY1,
and NR1D1, hence promoting the accu-
mulation of PER1/2:CRY1 heterodimers
that repress BMAL1:CLOCK-dependent
transcription, and REV-ERBa monomers
that inhibit BMAL1 synthesis. Such a
finely regulated transcriptional program
drives waves of gene expression that
exhibit a periodicity of approximately
24 hr (Asher and Sassone-Corsi, 2015).In this issue of Cell Metabolism, the
research group lead by Gad Asher
(Zwighaft et al., 2015) reveals that intra-
cellular levels of polyamines oscillate
with near-to-daily periodicity in cellula
(in NIH/3T3 mouse fibroblasts) and
in vivo (in the mouse liver), and that
polyamines participate to the regulation
of the circadian clock, at least in the
periphery, by promoting the heterodime-
rization of PER2 and CRY1 (Zwighaft
et al., 2015).
The authors (Zwighaft et al., 2015) un-
veil a cyclic increase in the hepatic levels
of transcripts coding for three enzymes
involved in the biosynthesis of poly-
amines from ornithine: ornithine decar-
boxylase 1 (Odc1), S-adenosylmethio-
nine decarboxylase 1 (Adm1), and
spermidine synthase (Srm). Such an in-
crease began at the artificial onset of
night (which—in the field—is convention-
ally indicated as ZT12), peaked approxi-
mately 4 hr later (ZT16), and decreased
to reach a nadir between ZT20 and ZT0
(the artificial onset of daylight), and was
paralleled by an increase in Odc1 protein
levels. In contrast, the mRNAs coding for
other enzymes involved in polyamine
metabolism, including spermine synthase
(Sms), spermine oxidase (Smox), poly-
amine oxidase (exo-N4-amino) (Paox),
and spermidine/spermine N1-acetyl
transferase 1 (Sat1), were transcribed in
relatively constant fashion throughout
the day. Accordingly, the intracellular
levels of putrescine and spermidineCell Metabolism 22,(which are synthesized by the sequential
action of Odc1, Amd1, and Srm), but
not those of spermine (which is gener-
ated by Odc1, Amd1, and Sms) exhibited
circadian oscillations peaking at ZT16
(Zwighaft et al., 2015). Interestingly, the
circadian changes in the hepatic abun-
dance of Odc1, Amd1, and Srm tran-
scripts as well as in the hepatic levels of
polyamines were abrogated in Per1/
Per2/ mice, which lack a functional
circadian clock and feed in a relatively
homogenous manner throughout the
day (at odds with wild-type mice, which
mostly feed during the night). Indeed,
the Odc1 gene turned out to contain
three canonical E-box motifs (CACGTG),
at least two of which (residing in the first
intron) were responsive to BMAL1:
CLOCK heterodimers. Moreover, circa-
dian fluctuations in the hepatic levels of
Odc1, Amd1, and Srm transcripts could
be completely inverted by artificially
altering feeding behavior for 3 weeks
(i.e., by providing food during the day
only, rather than during the night), which
also inverted the rhythmicity of the circa-
dian clock (as shown by measuring
Per2 mRNA levels). Of note, 1 day after
the initiation of nonphysiological daytime
feeding, the hepatic levels of Odc1,
Amd1, Srm, and Per2 transcripts ex-
hibited two peaks, one at ZT16 and one
at ZT4 or ZT8 (Zwighaft et al., 2015).
Thus, both the circadian clock and
feeding behavior impact on the circadian
rhythmicity of polyamine biosynthesis.November 3, 2015 ª2015 Elsevier Inc. 757
Figure 1. Molecular Links between the Circadian Clock and
Autophagy
Central and peripheral circadian clocks rely on precisely regulated feedback
loops involving at least two transcription factors, i.e., BMAL1 and CLOCK,
and three transcriptional repressors, i.e., PER1 (or its close homolog PER2),
CRY, and NR1D1 (best known as REV-ERBa). Normally, the circadian clock
generates near-to-daily oscillations in cellular physiology and organismal
behavior, one of the best characterized being feeding cycles. In the unfed
state, some cell types rapidly accumulate AMP at the expense of ATP, NAD+
at the expense of NADH, and coenzyme A at the expense of acetyl-CoA, thus
activating autophagy. Importantly, the molecular sensors that trigger auto-
phagy in response to increasing AMP levels (AMPK), increasing NAD+ levels
(SIRT1), and decreasing acetyl-CoA availability (EP300) also regulate circa-
dian clocks. Moreover, the expression of some autophagy-related genes like
Atg14 is regulated by BMAL1:CLOCK heterodimers, and so is the expression
of various genes involved in polyamine biosynthesis, like Odc1, Adm1, and
Srm. Accordingly, the intracellular abundance of spermidine exhibits circadian
oscillations. Moreover, spermidine may regulate the circadian clock by fa-
voring the stabilization of PER2:CRY1 heterodimers, and by inhibiting the
acetyltransferase activity EP300.
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bolism in NIH/3T3 fibroblasts
with pharmacological agents
(i.e., the ODC1 inhibitor a-di-
fluoromethylornithine, DFMO)
or genetic interventions (i.e.,
the siRNA-mediated downre-
gulation of Odc1 or the over-
expression of ornithine decar-
boxylase antizyme 1, Oaz1,
which targets Odc1 for degra-
dation) increased the period-
icity of circadian oscillations,
as monitored with a BMAL1:
CLOCK-responsive lucif-
erase-encoding construct as
well as by quantifying Per2,
Bmal1, Cry1, and Nr1d1 tran-
scripts. Similar results were
obtained in mice. Indeed, the
administration of DFMO to
young mice maintained in
constant darkness caused
an extension in the periodicity
of spontaneous locomotor
activity. Similarly, adult mice
(which are known to have
decreased polyamine levels)
manifested a prolonged inter-
val between cycles of spon-
taneous locomotor activity,
as compared to untreated
young mice. This age-associ-
ated phenotype could be
shortened by dietary spermi-
dine supplementation (Zwigh-
aft et al., 2015). Thus, poly-
amines (notably spermidine)appear to regulate a circadian clock that
declines with age.
The authors attributed their findings
to the ability of polyamines to stabi-
lize PER2:CRY1 heterodimers (Zwighaft
et al., 2015). However, several additional
mechanisms may be invoked to explain
the impact of polyamines on the circadian
clock. First, spermidine directly inhibits
the acetyltransferase E1A binding protein
p300 (EP300) (Pietrocola et al., 2015b),
which is an upstream regulator of
BMAL1:CLOCK-dependent transcription
(Hosoda et al., 2009). Second, spermidine
is a potent caloric restriction mimetic
(Madeo et al., 2014), hence promoting
various manifestations of the unfed state,
including the activation of autophagy.
Autophagy also oscillates with circadian
rhythmicity, reflecting feeding behavior758 Cell Metabolism 22, November 3, 2015 ª(Ma et al., 2011), and its activation im-
pinges on several regulators of the circa-
dian clock, including not only EP300,
which is sensitive to decreasing acetyl-
CoA levels (Pietrocola et al., 2015a), but
also the deacetylase sirtuin 1 (SIRT1)
(Chang and Guarente, 2013), which is
sensitive to NAD+ accumulation, and
AMP-activated protein kinase (AMPK),
which is sensitive to AMP and (less
so) ADP abundance (Lamia et al., 2009).
Moreover, some autophagy-related
genes like ATG14 are under transcrip-
tional control by BMAL1:CLOCK (Xiong
et al., 2012). Thus, the circadian clock
and autophagy are connected to each
other in the context of an intricate network
involving all major metabolic circuitries
(Figure 1). It will be interesting to gain
further insights into this network, and to2015 Elsevier Inc.explore the possibility that
other activators of autophagy
may resemble polyamines
in their capacity to regulate
circadian oscillations.
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